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Abstract

Four meroterpenoids (3a, 3b, 4 and 5), a prenylated pyran-2-one (2) along with the known compounds 7-O-geranylscopoletin (1), and
thapsitranstagin (6) have been isolated from the roots of Thapsia transtagana. The presence of 1 and 2 supports the biogenetic hypothesis
that transtaganolides, a group of bioactive metabolites, are meroterpenoids which come from an O-prenylated coumarin via successive

pericyclic reactions.
© 2007 Elsevier Ltd. All rights reserved.
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Biogenetic hypothesis

1. Introduction

The genus Thapsia is constituted by ten species distrib-
uted in the western Mediterranean area and extended to
the Atlantic coast of the Iberian Peninsula and Morocco
(Pujadas and Rosell6, 2003).

Despite its reduced extension, a relatively large number
of secondary metabolites have been isolated from the genus
Thapsia, sesquiterpenoids (Christensen et al., 1997) and
phenylpropanoids (Liu et al., 2006), being the more signif-
icants. Since the discovery of thapsigargins from Thapsia
garganica (Rassmussen et al., 1978) the interest for the phy-
tochemical studies on Thapsia has been increased. Thapsi-
gargin, the lead compound which names the family and
other members of this group of guaianolides are selective
and irreversible inhibitors of the ubiquitous sarco-endo-
plasmatic reticulum Ca>" ATPases (Treiman et al., 1998).

* Corresponding author. Tel.: +34 956 016366; fax: +34 956 16288.

E-mail address: g.martinez@uca.es (G.M. Massanet).

0031-9422/§ - see front matter © 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.phytochem.2007.06.023

Thapsigargin has also been shown to restore apoptotic
function in cancer cell lines (Furuya et al., 1994).

In the course of our evaluation of Thapsia species as a
source of new thapsigargin analogues, we described a
new group of secondary metabolites that we named tran-
staganolides (Saouf et al., 2005). The origin of the very
uncommon structure of transtaganolides is quite intrigu-
ing. As their structures suggest a terpenoid nature, a bioge-
netic route starting from geranyl pyrophosphate has been
proposed by Appendino et al. (2005), although the same
authors also proposed a quite different and more impres-
sive way involving a phenol cleavage and a cascade pericy-
clic process.’

' In reference Appendino et al. (2005), the authors reported two new
transtaganolides and named them as basiliolides. We consider that the
generic name transtaganolides, previously suggested by us after the very
first description of these compounds (Saouf et al., 2005) should prevail for
all the members of the family for the sake of clarity.
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Aside their striking architecture, transtaganolides shows
an additional interest as SERCA-inhibitors, as stated by
recent reports (Appendino et al., 2005; Navarrete et al.,
2006). The above facts prompted us to undertake a new
phytochemical study of T. transtagana.

As a result of our reinvestigation, together with the com-
pounds previously isolated (Saouf et al., 2005, 2006), new
minor metabolites have been identified: the prenylated
pyran-2-one 2, three meroterpenoids belonging to the
family of transtaganolides (3a, 3b, and 4), a lactonic merot-
erpenoid 5 along with the known compounds 7-O-gera-
nylscopoletin 1 (Larsen and Sandberg, 1970),
thapsitranstagin 6 (Rasmusssen et al., 1981), and haplono-
lide 11 (Gunes, 2001). Herein we describe the structural elu-
cidation of 2, 3a, 3b, 4 and 5.

The presence in T. transtagana of compounds 1, 2, 3a,
3b, 4 and 5 provides evidences about the biosynthetic origin
of transtaganolides.

2. Results and discussion

Compound 2 showed in its HREIMS a molecular ion
[M]" at m/z 362.1752, compatible with the molecular for-
mula, CyyH»0g, inferring eight degrees of unsaturation.
The characteristic features of the "H and '>*C NMR spectra
together with absorption bands at 1740, 1648 and

1557 cm ™! due to the stretching vibrations of the three dou-
ble bounds (C=0, C5-C6 and C3-C4) in the IR spectrum
(Breda et al., 2003) suggested that 2 bears a pyran-2-one
ring. The presence of only two doublets at dy 6.24 (H-3,
9.5Hz) and at dy4 7.25 (H-4, 9.5 Hz) indicated that C-5
and C-6 are substituted.

The "H NMR spectra shows two singlets at dy; 3.30 (2H)
and 3.57 (2H), characteristic of two methylene groups
located on two alkoxycarbonylmethyl groups. The proton
signal at oy 3.70 (s, 3H) was assigned to a methoxy ester
group belonging to the alkoxycarbonylmethyl group
attached at carbon C-5 of the pyran-2-one ring, as was
determined by HMBC and NOE correlations (see Fig. 2).
Likewise, analysis of the 'H and '*C NMR data and
HMBC and NOE correlations led to establish the presence
of a geranyl moiety in the alkoxycarbonylmethyl group
located on carbon C-6 of the ring. Thus, the structure of
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Fig. 2. Selected HMBC (a) and NOE (b) correlations of compound 2.

a a-Methyl
b C-8 -Methyl

7a R =Me; C-8 a-Me, -vinyl
7b R =Me; C-8 p-Me, a-vinyl
8 R=CO;Me; C-8 a-Me, B-vinyl
9 R =CH,0Ac; C-8 a-Me, B-vinyl

10a C-8 a-Me,p-vinyl 11
10b C-8 B-Me,a-vinyl

Fig. 1. Structure of compounds 1-11.
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2 was unambiguously elucidated as 6-geranyloxycarbon-
ylmethyl-5-methoxycarbonylmethylpyran-2-one.

Compound 3a gave the molecular formula C,oH,¢Og as
determined by HREIMS at m/z 362.1729, indicating eight
degrees of unsaturation. The signals of the 'H and '*C
NMR spectra suggested that the structure of compound
3a was closely related to transtaganolide D (7a), being
the main difference the lack of the signals attributed to
the 7-methoxy-4,5-dihydro-3H-oxepin-2-one ring charac-
teristic of transtaganolides A-D (Saouf et al., 2005).
Instead, the presence of two coupled signals at dy 3.30
(H-11, dd) and 3.46 (H-11°, dd) correlated in the HMBC
spectrum with the carbons at dc 171.9 (C-12), 130.8 (C-2)
and 137.8 (C-1), together with absorption bands in the
IR spectrum typical of an ester group, indicated that a
methoxycarbonylmethyl unit is situated at C-1. The pres-
ence of a carboxy group attached to C-9 was deduced from
the IR spectrum (3450 and 1739 cm ') and HMBC corre-
lations. These data are in accordance with the structure
3a which can be formally derived from 7a by opening of
the oxepin-2-one ring. We named compound 3a as tran-
staganolide E.

The molecular ion CygH,50gdetermined for 3b by HRE-
IMS and the spectroscopic similarities, suggested that it
might be an isomer of 3a. On the basis of its '"H-"H COSY
and HMBC spectra, together with the chemical shifts and
coupling constants (Table 1), 3b (transtaganolide F) was
assumed to be the C-8 epimer of 3a. In a similar way, 3b
can be derived from the ring opening of the oxepin-2-one
moiety in 7b.

Compound 4 showed a molecular ion at m/z 376.1532
which accounted for a C,gH»407 and nine degrees of insat-
uration. An inspection of the '"H NMR spectrum showed a
structure closely related to that of transtaganolide A (10a),
derived from the opening of the oxepin-2-one ring, a rela-
tion already described between 3a and 3b with 7a and 7b
respectively. Thus, the structure of 4 (transtaganolide G)
resulted to be that depicted in Fig. 1.

Compound 5 gave a molecular formula of C,4H340s, as
determined by HREIMS, at m/z 418.2335 [M]", represent-
ing to eight degrees of unsaturation. Its '>*C NMR showed
the presence of two carbonyl groups and ten vinyl carbons,
which accounted for seven degrees of unsaturation, indicat-
ing the monocyclic nature of the compound. The proton
signal at oy 6.99 (H-4) was correlated in the HMBC spec-
trum with the carbon signals at dc 170.1, 140.4 and 86.5
which corresponded to carbons C-2, C-3 and C-5, respec-
tively. This fact, together with an absortion band a
1747 cm™" in the IR spectrum, suggested the presence of
a furan-2-one ring. A detailed study of the '"H-'"H COSY
and HMBC correlations indicated that three different frag-
ments were attached to the furan-2-one core. Thus, the 'H
NMR spectrum displayed the presence of a vinyl group, as
could be deduced from the presence of a double doublet at
on 6.03 (dd, J=17.4, 10.4 Hz) attributable to H-12 cou-
pled with two signals at oy 5.11 and 5.05. The proton signal
of H-12 was correlated in the HMBC spectrum with the

carbons at dc 140.4 (C-3), 40.9 (C-6), 38.0 (C-7) and 21.9
(C-13). In addition, C-6 was attached at a 4-methylpent-
3-enyl group, as was confirmed by HMBC and 'H-'H
COSY correlations. Furthermore, the quaternary carbon
C-6 was correlated in the HMBC spectrum with a singlet
signal of a methyl group centered at dy 1.33. All the above
information led us to propose the partial structure shown
in Fig. 3.

The nature of the two remaining substituents attached
to C-5 was established as follow. The '"H NMR spectrum
showed a deshielded doublet at oy 6.55 (H-17, d,
J=13.3Hz) coupled to a signal at dy 5.01 (H-16, d,
J =13.3 Hz). The value of Ji617 (13.3 Hz) was consistent
with a E configuration of the double bond and the chemical
shifts of proton H-16 and carbon C-16 (dc 98.4) suggested
the presence of an electron-rich double bond. In the
HMBC spectrum, the signal at dg 3.56 (3H, s) correspond-
ing to a methoxy group was correlated with the carbons at
oc 151.1 and 98.4 attributable to carbons C-17 and C-16,
respectively. The attachement of the 2-methoxyethenyl
group to C-5 was confirmed by HMBC correlations
between H-16 and H-17 with carbons C-5 and C-4. Finally,
the carbon C-5 also showed HMBC correlation with the
signal at oy 3.92 (H-18) assignable to a proton geminal
to a secondary hydroxyl group that was coupled to a iso-
lated methylene as was confirmed by HMBC and 'H-'H
COSY correlations. The chemical shift of the protons
and the carbon of this methylene proved the presence of
an ester group attached to C-19. The spectroscopic data
of this ester were characteristic of an angelate group (Table
1). Assembling together all these fragments resulted the
planar structure depicted in Fig. 1, that we named thapsi-
anolide (5-(2-angeloyloxy-1-hydroxyethyl)-3-linaloyl-5-
((E)-2-methoxyethenyl)-(5H)-furan-2-one).

We have not been able yet to determine the relative ste-
reochemistry of thapsianolide (5), and furthermore, a
detailed reinvestigation of the fraction where 5 was iso-
lated, revealed the presence of at least two minor isomers
of this compound in amounts not sufficient to be fully
characterized.

As transtaganolides could formally be considered as
norditerpenes, Appendino et al. proposed a mevalonic-
based biosynthetic pathway to explain the biogenesis of
these compounds (Appendino et al., 2005). In the same
publication, these authors suggested a very different pro-
posal which consider transtaganolides as meroterpenoids
derived from a C-prenylated coumarin 12 via a tandem oxi-
dation (to 13) — electrocyclic ring opening (to 14) — Diels-
Alder cycloaddition (Scheme 1).

The characterization of both pyran-2-one 2 and 7-O-ger-
anylscopoletin (1) (also isolated from other plants belong-
ing to the genus Thapsia (Larsen and Sandberg, 1970;
Rasmusssen et al., 1981)), as metabolites of 7. transtagana
permits to propose others possible biosynthetic pathways
to transtaganolides and supports their meroterpenoid ori-
gin. Direct oxidation of 1 to 15, followed of an electrocyclic
ring opening to 16 and further hydrolytic cleavage yield 2.



Table 1
NMR data of 2, 5, 3a, 3b and 4

2 5 3a® 3b° 4
Oy (int, mult. J) dc Jy (int, mult. J) dc Oy (int, mult. J) dc Jy (int, mult. J) dc Oy (int, mult. J) dc
2 - 161.5 2 - 170.1 1 - 137.8 - 1382 - 144.8
3 6.24 (1H, d, 9.5) 1153 3 - 1404 2 6.22 (1H, bd, 6.5) 130.8  5.71 (1H, bd, 6.5) 130.5 5.69 (1H, d, 6.0) 126.1
4 7.25 (1H, d, 9.5) 146.6 4 6.99 (1H, 4, 1.1) 147.7 3 2.94 (1H, d, 6.5) 539 267 (1H, d, 6.5) 53.7 3.05(1H, d, 6.0) 51.6
5 - 1112 5 - 86.5 4 - 36.6 - 362 - 494
6 — 1557 6 — 409 5 1.65 (1H, m) 48.3  1.50 (1H, dd, 12.9, 4.4) 48.1 2.23 (1H, dd, 11.8, 6.3) 48.5
7 3.33 (2H, s) 349 7 1.66 (1H, m) 379 6 1.58 (2H, m) 209 112 (1H, m) 20.6 147 (1H, m) 20.5
8 - 170.4 1.83 (1H, m) 1.40 (1H, m) 1.65 (1H, m)
9 3.57 (2H, s) 377 8 1.81 (2H, m) 231 17 1.60 (1H, m) 389 147 (1H, m) 38.7 1.48 (1H, m) 37.9
10 - 167.7 9 5.06 (1H, bz, 7.1) 1239 1.88 (1H, d, 11.2) 1.30 (1H, m) 1.87 (1H, m)
1 4.62 (2H, bd, 7.2) 629 10 - 131.8 8 - 399 - 399 - 39.3
2 529 (1H, bt, 7.2) 117.6 11 1.64 (3H, s) 256 9 3.00 (1H, s) 548 3.18 (1H, s) 555 288 (1H,s) 56.2
3 - 1435 12 6.03 (1H, dd, 17.5, 10.7) 142.7 10 - 844 - 837 - 85.5
4’ 2.05 (2H, m) 394 13 5.05 (1H, dd, 17.5, 0.7) 1136 11 3.30 (1H, dd, 17.2, 1.3) 36.8 324 (1H, dd, 174, 1.1) 38.8  3.20 (1H, d, 18.2) 38.8
5 2.10 (2H, m) 26.4 5.11 (1H, dd, 10.7, 0.7) 3.46 (1H, dd, 17.2, 1.3) 3.72 (1h, dd, 17.4, 1.1) 3.65 (1H, d, 18,2)
6’ 5.05(1H, bz, 7.2) 123.8 14 1.33 (1H, s) 219 12 - 1719 - 1717 - 173.0
7' - 132.1 15 1.56 (3H, s) 17.6 13 - 172.5 - 1713 - 175.9
8’ 1.66 (3H, s) 259 16 5.01(1H, d, 13) 984 14 0.97 (3H, s) 29.7  0.68 (3H, s) 29.2 1.28 (3H, s) 15.9
9’ 1.57 (3H, s) 179 17 6.55 (1H, d, 13) 151.1 15 1.04 (3H, s) 252 0.85(3H, s) 249 559 (1H, s) 110.0
10’ 1.67 (3H, s) 16.7 18 3.92 (1 H, dd, 7.0, 3.4) 743 16 6.57 (1H, dd, 17.4, 11.0)  141.3  6.00 (1H, dd, 17.3,10.7) 1479 6.57 (1H, dd, 17.7, 11.1)  141.3
MeO 3.70 (3H, s) 527 19 4.20 (1 H, dd, 11.9, 7.0) 644 17 5.11 (1H, dd, 11.0, 1.0) 113.6  5.04 (1H, dd, 10.7, 0.7) 112.6  5.05(1H, dd, 11.1, 1.0) 113.1
4.29 (1 H, dd, 11.9, 3.4) 5.05 (1H, dd, 17.4, 1.0) 5.14 (1H, dd, 17.3, 0.7) 5.00 (1H, dd, 17.7, 1.0)
1 - 168.1 18 1.30 (3H, s) 294 1.57(3H, s) 18.8  1.22 (3H, s) 29.3
2/ - 127.1 19 - 166.4 - 167.1 - 167.1
3 6.17 (1H, bq, 6.8) 140.0 MeO 3.70 524 327 (3H,s) 514 371 (3H, ) 52.4
4’ 1.98 (3H, dq, 7.4, 0.8) 159
5 1.89 (3H, bs) 20.5
MeO 3.56 (3H, s) 56.3
OH 2.66

# Inova 400 MHz, CDCl;.
® Inova 600 MHz, C¢Ds.

99FT-08#Z (£L00Z) 89 LCusuuayr01dyd | v 1o [pgny [

£81C



2484 J.J. Rubal et al. | Phytochemistry 68 (2007) 2480-2486

Fig. 3. Partial structure of compound 5.

Likewise, 14 could be obtained from 16 via a Claisen rear-
rangement instead of the route proposed by Appendino
et al. (2005) starting from 12. The occurrence of C-8 epi-
meric transtaganolides can be explained taking into
account that the Claisen rearrangement proceeds without
diastereoselectivity. Despite ortho-dialkoxy aryl fragmenta-
tion (Schmidt et al., 1989) is least frequent than phenol
fragmentation (Vaillancourt et al., 2006) the presence of
pyrone 2 (that can be considered a seco-coumarin) sup-
ports the direct fragmentation of 1.

A subsequent Ireland-Claisen rearrangement of 2 to 17
followed by a Diels-Alder cycloaddition would provide
the transtaganolide derivatives 3a and 3b. Alternatively,
17 could be obtained by a hydrolysis of 14, and in a similar
way 7a and 7b yield 3a and 3b (this transformation has
been already observed by us in NMR samples of 7a in
CDCl; on standing).

The members of the transtaganolide family, 8 and 9
(Appendino et al., 2005), can be considered as derivatives
of 7a and 7b through oxidation at C-14. In the case of tran-
staganolides C and D (10a, 10b) (Saouf et al., 2005), the

MeQ MeO MeQ
HO (oM e} e} (oM ] o] [o N o]
12

[0]

MeO =
0
o] (ol e}
X =
D-A
MeO

MeO

ERO
13
/
HO

H
o]
o

7a, 7b

3a, 3b

aldehyde resulting from the oxidation at C-15 is trapped
as lactone ketal by the hydroxyacid formed after the open-
ing of the C-10/C-3 lactone. Haplonolide (11) (Gunes,
2001) should be derived from 3b by oxidation at C-15,
opening of the C-10/C-3 lactone, relactonization to form
the C-13/C-15 lactone and decarboxylation of the corre-
sponding B-hydroxyacid. It is noteworthy that the stero-
chemical pattern of transtaganolides comes from only
one of the four ways to approach of the Diels-Alder
cycloaddition.

To the best of our knowledge this cascade reaction for
biosynthetic construction of complex molecules has a
unique precedent in a growing class of biologically active
natural products isolated from the genus Garcinia over 36
years ago (Quillinan and Scheinmann, 1971). To explain
the origin of this class of secondary metabolites, Quillinan
and Scheinmann postulated a Claisen rearrangement fol-
lowed by an intramolecular D-A reaction. These authors
succeded in synthesizing these structures by means of such
electrocyclic process. Subsequently, other biomimetic syn-
theses have been described (Nicolaou and Li, 2001; Tislade
et al., 2004).

Finally, intermediate 17 also can be presumed a precur-
sor of the unusual branched y-lactone 5. The proposal
involves isomerization of the C-5/C-6 double bond, lacton-
ization, and epoxidation of the C-3/C-4 double bond to
afford the epoxydilactone 18 (Scheme 2). Methylation of
the epoxide and decarboxylation give rise the lactone 19
which bears two of the three appendices present in 5. The

15
l ERO
MeO
= =
CR o |
- = 0" "0
o]
\//\/\A
16
H
H
O+ _OMe le) OMe
D-A ICR o | X
(0] o” 0

Scheme 1. Biogenetic proposals for transtaganolides (CR: Claisen rearrangement, ERO: electrocyclic ring opening, D-A: Diels-Alder cycloadition, ICR:

Ireland-Claisen rearrangement, H: hydrolysis).
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OMe
H | | R
HO,C
2 o)
R H*
17
MeO,C
e02 Me X 2
19
R= i

2485

CO,Me
o) =
O _——
(®]
R
H O
/

Scheme 2. Proposed biogenesis of lactone 5.

remaining C, unit, the methoxycarbonylmethyl substitu-
ent, should afford the corresponding 1-hydroxy-2-angeloyl-
oxy moeity.

3. Experimental
3.1. General experimental procedures

Optical rotations were measured with a Perkin Elmer
Model 341 digital polarimeter. IR spectra were measured
in a Perkin Elmer Spectrum BX spectrophotometer.'H
(1D, DQF-COSY, 1D-NOESY, 2D-NOESY) and 'C
(1D, gHSQC, HMBC) NMR spectra were recorded in Var-
ian Inova 400 and Inova 600 spectrometers. Mass spectra
were recorded at the Mass Spectra Facilities of Universi-
dad de Alicante (Spain). Solvents were distilled prior to
use, and spectral grade solvents were used for spectroscopic
measurements. TLC was performed on plates precoated
with silica gel F254 (Merck, Germany).

3.2. Plant material

Specimens of 7. transtagana were collected near Bouzn-
ika (Morocco) and a voucher of the plant is deposited in
the Departamento de Ciencias y Recursos Agricolas y
Forestales of the University of Cérdoba (Spain).

3.3. Isolation

The roots of T. transtagana (900 g) were grounded and
extracted with dichloromethane in a Soxhlet apparatus,
yielding 13 g of an oily residue, which was purified by col-
umn chromatography with increasing polarities of EtOAc/
hexanes mixtures. The 1:3 and 1:4 EtOAc/hexane-eluted
fractions yielded after further purification by column chro-
matography compounds 1 (20 mg), 2 (9 mg), 3a (6.2 mg),
3b (7.6 mg), 4 (20 mg) and 5 (3 mg).

3.3.1. Compound 2

Colourless oil; IR (NaCl) vax cm™': 2926, 1740, 1648,
1557, 1237, 1164, 1102, 828; 'H NMR (CDCl;, 400 MHz)
and *C NMR (CDCls, 100 MHz) data, see Table 1; HRE-
IMS m/z 362.1752 (caled. for CooH¢0s, 362.1729); EIMS
70 eV, m/z (rel. int.): 227 (14), 182 (15), 135 (27), 95 (38),
82 (65), 55 (45), 43 (100).

3.3.2. Compound 3a

Yellow oil; [«]3 + 10.7° (¢ 0.10, CHCI3); IR (NaCl) vpay
cm ™ 3446, 2964, 1812, 1738, 1172, 1034, 1002, 756; 'H
NMR (CDCl;, 400 MHz) and '*C NMR (CDCls,
100 MHz) data, see Table 1; HREIMS m/z 362.1732 (calced.
for CaoHa6Os, 362.1729); EIMS 70 eV, m/z (rel. int.): 313
(100), 300 (79), 285 (65), 272 (69), 199 (53), 197 (63).

3.3.3. Compound 3b
Yellow oil; [o]5 +4.0° (¢ 0.47, CHCI3); IR (NaCl) viax
—1. 3440, 2966, 2855, 1809, 1746, 1339, 1249, 1169,
978, 754; "H NMR (C¢Dg, 600 MHz) and '*C NMR
(C¢Dg, 150 MHz) data, see Table 1; HREIMS m/z
345.1699 [M—OH]" (calcd. for CooH,50s, 345.1702); EIMS
70 eV, m/z (rel. int.): 345 (15), 301 (35), 273 (100), 199 (40).

3.34. Compound 4
Yellow oil; [o ] —33.3° (¢ 0.10, CHCl;); IR (NaCl) vpax
em~': 3449, 3011, 1760, 1185, 758; '"H NMR (CDCls,
400 MHz) and BC NMR (CDCl;, 100 MHz) data, see
Table 1, HREIMS m/z 376.1532 (caled. for CyyH»409,
376.1522); EIMS 70 €V, m/z (rel. int.): 358 (41), 327 (99),
257 (42), 225 (52), 197 (100).

3.3.5. Compound 5
Yellow oil; [e]} — 4.8° (¢ 0.10, CHCI3); IR (NaCl) vyax
1 3447, 2926, 2864, 1747, 1650, 1454, 1378, 1229,
1151; "H NMR (CDCls, 400 MHz) and '*C NMR (CDCl;,
100 MHz) data, see Table 1; HREIMS m/z 418.2335 (calcd.
for Cy4H340¢, 418.2355); EIMS 70 eV, m/z (rel. int.): 300
(23), 242 (24), 241 (100), 225 (59), 197 (63).
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